Loss of bone and muscle mass are major findings of male hypogonadism. In order to determine the long-term effect of testosterone replacement therapy on spinal bone and muscles, the trabecular and cortical bone mineral density, vertebral body area and paraspinal muscle area were assessed by quantitative computed tomography in 32 testosterone-substituted patients, aged 18-74 years, with idiopathic hypogonadotropic hypogonadism (n = 6), pituitary insufficiency (n = 5), Klinefelter syndrome (n = 12) or other forms of primary hypogonadism (n = 9). They were followed for a mean period of 3.2Ϯ1.7 years (meanϮS.D.), ranging from 1 to 7 years. A significant correlation between initial serum testosterone levels and bone mineral density was found in patients with congenital forms (r = 0.58; P<0.05) but not in those with acquired forms. A significant increase in trabecular and cortical bone mineral density (P<0.001) was documented in the course of replacement therapy in all patients regardless of the type of hypogonadism and age of patients. A slight but significant increase in paraspinal muscle area was observed if all patients were taken together (P<0.01). The area of paraspinal muscle correlated with body weight (r = 0.58; P<0.001) and moderately with trabecular bone mineral density (r = 0.4; P<0.01). Its increase did not correspond to the change observed for trabecular and cortical bone mineral density. Vertebral body area did not change over time. It correlated only with height and weight but not with bone mineral density. In conclusion, testosterone therapy of hypogonadal men improves both trabecular and cortical bone mineral density of the spine independently of age and type of hypogonadism while vertebral area remains unchanged. The effects seen on paraspinal muscles emphasize the clinical benefit of adequate replacement therapy for the physical fitness of hypogonadal men.
Introduction
In men, androgen deficiency leads to loss of bone and muscle mass. Physical fragility and bone fractures are the consequences (1, 2) . Beneficial effects of testosterone replacement therapy on bones and muscles in hypogonadal men have been reported (3) (4) (5) (6) (7) (8) . Little is known, however, about whether the effects described for bone vary according to age and type of hypogonadism (9, 10) or potential changes in muscle mass. Furthermore, the responsiveness of cortical and trabecular bone to androgens may be different and may be obscured by differences in biomechanical covariates between appendicular and axial bone when assessed on different skeletal sites (see, for example (3) ). In addition, most studies concerning bone in hypogonadal men have focused on bone mineral density (BMD) alone and did not take bone dimension into consideration (10) . Both are, however, determinants of compressive strength (11, 12) and fracture risk (13) .
A relationship between muscle strength and size and BMD in athletes has been reported (14) (15) (16) . Muscle mass also increases in hypogonadal men with testosterone therapy (6, 8) . A recent study has shown that an increase in muscle mass was accompanied by a change in biochemical serum markers of bone formation and bone resorption (7) . Thus a close relationship between diverse anabolic effects in hypogonadal men undergoing replacement therapy should be expected. Again, there is little information for spinal bone and muscles in hypogonadal men. Therefore we performed quantitative computed tomography (QCT) of the lumbar spine allowing simultaneous quantification of trabecular BMD (tBMD) and cortical BMD (cBMD), the cross-sectional area of the vertebral bodies and of the adjacent paraspinal muscles in hypogonadal men undergoing testosterone replacement therapy.
Subjects and methods

Subjects and treatment
Thirty-two hypogonadal men attending the Institute of Reproductive Medicine undergoing effective testosterone replacement therapy (17) and serial measurements of the lumbar spine BMD by QCT were included in the evaluation. Patients with morning serum testosterone below 12 nmol/l and normal to elevated luteinizing hormone (LH) and follicle-stimulating hormone (FSH) levels on two different occasions were classified as having primary hypogonadism, and patients with lowered serum testosterone (<12 nmol/l) and lowered basal LH (<1.5 U/l) and FSH (<2 U/l) and without stimulatory response to i.v. injection of gonadotrophin-releasing hormone (GnRH) were diagnosed as suffering from secondary hypogonadism. The first QCT was performed before initiation of testosterone therapy. The patients suffered from Klinefelter syndrome (XXY; n = 12), acquired forms of primary hypogonadism due to orchitis, trauma, orchiectomy or unknown causes (APH; n = 9), idiopathic hypogonadotropic hypogonadism (IHH; n = 6) and acquired forms of secondary hypogonadism due to pituitary tumour (two craniopharygeoma and three prolactinoma) or hypophysectomy (ASH; n = 5). They were treated and followed up for 3.2Ϯ1.7 years (meansϮS.D. ranging from 1 to 7 years). Patients' meanϮS.D. age at the beginning of the study was 34Ϯ1.7 years, ranging from 18 to 74 years. Thirtytwo patients were treated by i.m. injection of testosterone enanthate (250 mg Testoviron Depot; Schering, Berlin, Germany) (17) . Seven patients with secondary hypogonadism were switched to human choriogonadotrophin/human menopausal gonadotrophin or GnRH for 1.1Ϯ0.6 years to induce spermatogenesis and paternity (18) . Other endocrine functions were regularly assessed and effectively replaced if required in patients with secondary hypogonadism. Patients had no other diseases and did not use medications that would interfere with bone metabolism.
QCT
All patients underwent scanning of the three vertebrae L-2 to L-4 using a standard QCT protocol. A tomoscan LX scanner (Phillips, Eindhoven, The Netherlands) was used. A lateral scanogram was performed and midvertebral sections were determined parallel to the end plates of the vertebrae. Regions of interest (ROIs) were determined by automated evaluation: a Pacman ROI was used in all images to ascertain that the ROI was the same for all patients and measurements. This procedure allows automated tracing of the vertebrae and permits separation of cortical and trabecular BMD (19) . A K 2 HPO 4 -calibration phantom placed under the patient's back was scanned simultaneously in all patients in order to extrapolate individual values to the same linear standard for all patients (20) . BMD values for each subject were obtained by averaging the BMD values of the different vertebral levels and were expressed as mg K 2 HPO 4 /cm 3 density equivalents. A single energy technique (SE-QCT), the method of choice in longitudinal studies, was applied. Using automated ROI the coefficient of intrasubject variation is less than 4% (21) . Reference values for tBMD and cBMD were used from a study by Kalender et al. (19) , who measured BMD of the spine in 135 males (age ranging from 18 to 80 years) by SE-QCT. All were considered normal with respect to bone metabolism.
The area of the vertebrae in the midvertebral plane (MVA) as well as the area of the paraspinal muscles (PMA) were determined on an off-line image processing workstation with automated quantitative image evaluation software (Gyroview, Phillips). A standardized thresholding algorithm was used to define the anterior and lateral borders of the vertebrae. The posterior border was determined by a line parallel to the transverse processes; this was at a tangent to the central most ventral border of the posterior border of the vertebral body. As in the studies by Gilsanz et al. (22, 23) , all structures behind the most anterior margin of the spinal canal, including the pedicle and the posterior elements, were excluded. Thus optimized reproducibility with an intrasubject coefficient of variation of less than 1% was obtained.
In order to determine the PMA, a standardized thresholding was used to segment the muscle from the surrounding fatty tissue. The precision of this procedure has been shown to vary by 2% (24) . In order to optimize intrasubject variability for serial measurements, a line was drawn along the spinal and the left transverse process. Thus the area of the left paraspinal musculature was segmented and measured in all patients.
Hormonal measurements
Blood samples were drawn from all patients for testosterone measurements between 0800 and 1200 h. Serum testosterone levels were measured by RIA as described previously (25) . The detection limit for testosterone was 0.7 nmol/l; the intra-and inter-assay variation were 6 and 8% respectively. FSH, LH and prolactin (PRL) in serum were measured in duplicate by immunofluorimetric assay using commercial kits (Delfia hFSH, Delfia hLH, Delfia PRL; ADL, Freiburg, Germany).
Statistical analysis
All parameters were tested for normality by the Kolmogorov-Smirnov test and, if not normally distributed, log-transformed and back-transformed for plotting. Comparisons between baseline and follow-up parameters were made by Student's paired t-test. Twotailed P<0.05 was taken as the level of significance. Raw data were plotted and linear regression was performed between initial and final values of vertebral area in order to obtain an estimate for the individual and overall change. In order to define a possible relationship between different parameters, bivariate correlation was performed. In addition, partial correlation was performed to control for possible covariates such as weight, height and age. Percentage changes were arcsinustransformed before correlations were performed. All tests were computed using a statistical software package (SSPS, Chicago, IL, USA). If not otherwise stated, data are given as meansϮS.E.M.
Results
Initial values
Data for initial serum testosterone, age, body height, weight, initial values for tBMD and cBMD, MVA and PMA are listed in Table 1 according to the type of hypogonadism. Significant differences between the means could not be demonstrated because of the limited number of patients and low statistical power for ANOVA. Patients with IHH showed the lowest serum testosterone levels, tBMD, cBMD, MVA and PMA. Patients with Klinefelter syndrome (XXY) and APH showed higher tBMD and cBMD of the spine and had higher serum testosterone values. If all patients were taken together, tBMD was significantly correlated with cBMD (0.69; P<0.001). A significant correlation between BMD and initial serum testosterone was only seen if patients with congenital forms of hypogonadism (XXY and IHH; n = 18) were analysed separately (r = 0.58; P<0.05). There was no correlation when all patients were taken together. No correlation was found between the MVA and tBMD or cBMD even when partial correlation was controlled for weight, height and age. Midplane area of the vertebral bodies showed a significant correlation with body height (0.58; P<0.01) and body weight (r = 0.41; P<0.05). Paraspinal area at EUROPEAN JOURNAL OF ENDOCRINOLOGY (1998) 138
Testosterone replacement therapy 53 Table 1 Anthropometric parameters, serum testosterone levels before treatment, tBMD, and cBMD, MVA and PMA according to the type of hypogonadism. the vertebral midplane level (MVA) was correlated with weight (0.68; P<0.001). No correlation was found between the PMA and the MVA, initial serum testosterone levels or age. This could be confirmed if partial correlation was controlled for weight and height. If the influence of weight and age was eliminated by partial correlation, a moderate correlation could be found between muscle area and tBMD (r = 0.44; P<0.05) but only a tendency towards correlation was seen between muscle area and cBMD (r = 0.27; P = 0.1).
Changes with therapy
Serum testosterone rose to normal levels in all patients after replacement therapy (5.4Ϯ1.35 to 30.1Ϯ 3.35 nmol/l). The mean increase of 30Ϯ7% for tBMD (P<0.001) and 9Ϯ3% (P<0.001) for cBMD of the spine over 3.2Ϯ1.7 years could be confirmed by statistical testing. Figure 1a and b shows the variation with age in initial and final values for tBMD and cBMD respectively (r = ¹0.39 and P<0.05 for tBMD; r = ¹0.35 and P<0.05 for cBMD). For both, there is a significant shift towards age-matched control values (18) during the period of treatment (P<0.0001). The increase remained significant if controlled for body weight.
The individual increase per group of patients is shown in Figs 2 and 3 . Each group shows a significant increase in BMD (P<0.05) independent of the type of hypogonadism. Figure 4 shows the individual increase in PMA for each patient according to the type of hypogonadism.
The increase in muscle mass is highest in those with the lowest baseline value and reaches significance (P<0.05) only in patients with IHH and ASH. Combining all groups, a mean increase of 10Ϯ2.4% in PMA was found (P<0.01) and remained significant if controlled for body weight. The change in PMA did correspond to the change in body weight ( Fig. 5 ) (r = 0.35; P<0.05) but did not, however, correlate with changes in BMD even when height, initial serum testosterone or age were controlled by partial correlation.
As shown in Fig. 6 , no group, not even individual patients with small vertebral area and early-onset hypogonadism, showed any change in MVA over the time of therapy (linear regression between initial and final values: y = 0.97x+0.38; P<0.0001, not shown).
Discussion
The results show that effective replacement therapy in hypogonadal men leads to an increase in both tBMD and cBMD of the spine. Osteopenia has been reported in men with Klinefelter syndrome (26) , men with idiopathic hypogonadotropic hypogonadism (27) , hypogonadism associated with hyperprolactinaemia (28) and after orchidectomy (29) . Previous reports have also shown beneficial effects of replacement therapy with testosterone, human choriogonadotrophin or GnRH on bone of men with different types of hypogonadism (3, 4) . The lower initial BMD and vertebral area found in men with IHH compared with other forms of hypogonadism indicate that the onset and duration of androgen deficiency may be crucial determinants of the extent of reduction in bone mass. In addition to loss of bone mass in hypogonadal men, bone accretion is also impaired in men with pubertal onset of hypogonadism (30) .
A correlation between serum testosterone levels and BMD has been reported by some investigators (26, 31) but not by others (4, 27) . These discrepancies may be due to the fact that those studies that did not demonstrate a correlation included patients who had already been treated (4) . Indeed, the serum testosterone levels, although indicative of the diagnosis, do not reflect duration and severity of the hypogonadism. In men with acquired forms of hypogonadism it can be difficult to evaluate the onset of androgen deficiency retrospectively. This is supported by our results showing that BMD is correlated only in men with a congenital type of hypogonadism, either IHH or XXY, before evaluation. Thus serum testosterone levels alone will yield little information about bone status in hypogonadal patients unless the clinical background is taken into consideration. BMD is a more integrative indicator of the duration and severity of hypogonadism than sporadic serum testosterone levels.
The increase in tBMD and cBMD observed in patients older than 40 years indicates that age should not be regarded as a limiting factor for the effectiveness of replacement therapy on bone. This confirms a similiar suggestion made in a recent report (32) . Even cortical bone, which may react more slowly than trabecular bone, increased under therapy independently of age. A previous study found no increase in tBMD of the spine in men aged 26-52 years with IHH, whereas a slight increase in appendicular bone was seen (3). This might be due to the fact that these patients had received testosterone replacement therapy before the start of the study, whereas our patients had not. Furthermore, appendicular bone, which probably increases in the course of effective therapy, might also respond to a greater extent to physical activity than does spinal bone. Our results suggest that trabecular bone exhibits a greater treatment response than cortical bone of the spine, supporting the general concept that trabecular bone is metabolically more active than cortical bone (33) . The fat error has been discussed as a limiting factor in the accuracy of tBMD determination by SE-QCT (32) . A recent study has shown that the percentage of body fat decreased 14% in hypogonadal men during testosterone replacement therapy (8) . Glü er et al. (34) showed that a change in 10% fat per volume vertebral body will lead to a change in 7 mg density equivalents by SE-QCT. Such a change cannot explain the magnitude of increase we found during therapy. In addition, it is hard to believe that BMD increases only within the cortical compartment in which the fat error can be neglected and not within the trabecular compartment of the spine. However, the 'fat error' should be taken into account when considering the 'true' change in trabecular BMD shown by SE-QCT measurements (35) . Provided that fat marrow changes to the same extent as subcutaneous fat under testosterone therapy, the mean percentage change observed for tBMD in this study has to be reduced from 30 to about 25.
Cross-sectional analysis of data confirmed that cBMD and tBMD declines with age in healthy men, as had been shown by previous reports (19) . The correlation found between tBMD and cBMD agrees with a study performed on healthy women (36) and is demonstrated here for the first time in hypogonadal men undergoing replacement therapy. Loss of BMD is not, however, the only factor contributing to fracture risk. Studies have reported a wide overlap between BMD values of patients with fractures and those without (37) . Bone dimension also determines compressive strength (12) and might have implications for fracture risk. It has been reported that for example women with vertebral fractures show smaller vertebral bone area than those without fractures (13) . In addition, differences in bone size, not BMD, have been widely discussed as being responsible for the higher incidence of fractures found in elderly women compared with elderly men (10) . An increase in the vertebral area during pubertal growth and in men with age has been suggested on the basis of crosssectional data (11, 22) . Therefore it is important to assess bone size in addition to BMD as parameters of biomechanical strength and estimate for fracture risk. This may become especially true in patients with a history of pubertal onset of hypogonadism.
Serial investigations on the cross-sectional area of vertebrae of hypogonadal men had not been performed before this study. We did not find any change in the vertebral area of hypogonadal men after initiation of replacement therapy, at least over a period of 3 years. The minimal variation between the follow-up values reflects the precision of the lumbar QCT with respect to the localisation of serial measurements. IHH is associated with pubertal onset, whereas the onset of hypogonadism in the other groups may be variable and could not be ascertained by anamnesis. As seen in men with IHH, early-onset hypogonadism may be associated with small vertebral areas and, because no change is seen with replacement therapy, may imply high risk for vertebral fractures in later life. This highlights the importance of early treatment in boys when puberty fails to occur.
The correlation found between anthropometric parameters (such as height and weight) with the crosssectional area of the vertebrae and the paraspinal muscle is in line with findings from healthy men (15, 37) , which confirms the accuracy of our measurements. The correlation found between PMA and tBMD, although only weak, may indicate the importance of biomechanical determinants for BMD (15, 16) .
Our study shows that PMA increases slightly with testosterone replacement therapy. This finding confirms previous studies showing that replacement therapy in hypogonadal men leads to an increase in lean body and muscle mass (6) (7) (8) . The relatively large increase seen in the study by Brodsky et al. (6) might be due to the fact that appendicular muscle was assessed. These muscles are more activity-dependent than the paraspinal muscles, which are weight-bearing muscles and may be under more constant strain. This is supported by the correlation we found between PMA and body weight and the relative changes in PMA and body weight respectively.
The increase seen in BMD might reflect a direct effect of testosterone or its metabolites on bone metabolism. In vitro studies reporting the occurrence of androgen receptors (38) , androgen metabolism (39) and androgen effects (40) on human osteoblastic cells support this conclusion. A recent study has demonstrated a change in biochemical serum markers of bone metabolism in response to testosterone replacement therapy, suggesting a reduction in bone remodelling (8) . In order to monitor treatment response, densitometry might provide information after 1 or 2 years of treatment. Biochemical markers could be earlier indices of treatment response if their short-term change is correlated with the long-term effects seen for BMD. Studies combining bone mass measurements with assessment of biochemical markers of bone turnover are therefore necessary. However, BMD and not biochemical markers of bone metabolism is linked to fracture risk as it is emphasized by the generally accepted definition of osteoporosis (41) .
A number of conclusions are thus possible from our study. (a) Both trabecular and cortical bone of the spine are affected by androgen deficiency and benefits from effective replacement therapy. (b) Type and age of hypogonadism does not limit the effectiveness of therapy. (c) Men with early-onset hypogonadism may be at greater risk of fracture because of reduced crosssectional area of the vertebrae. (d) Paraspinal muscles might also benefit from effective therapy.
